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Abstract Large amounts of phosphate ores with high
concentrations of uranium were dumped by a phosphate
plant into the Flix water reservoir in the Ebre River,
Catalonia, NE Spain. These phosphate wastes have been
mixed over the years with effluents from other industries as
well as with the sediments of the river, resulting in a
complex mixture of solid wastes and sediments. No
investigations on uranium speciation in such sediments
were made because of the complexity of the sediments
composition as well as the relatively low uranium content.
However, these studies are necessary in order to predict the
release of the uranium to the river waters. Here, we studied
uranium speciation in sediments from two sampling points
of the Flix water reservoir and at depths from 5 to 113 cm.
We used room temperature time-resolved laser fluores-
cence spectroscopy and a three-step sequential extraction
procedure described by the Standards, Measurements, and
Testing Programme of the European Union. We found that
uranium was mainly present in the sediment samples as
meta-autunite [Ca(UO2)2(PO4)210–12H2O], whose low
solubility will result in a low release of uranium to the river
waters. In addition, we found that some uranium was
linked to sediments by forming surface complexes. We
therefore made the first study of uranium speciation in the
sediments of the Flix water reservoir.
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Introduction
The raw material used in the phosphate industry is phos-
phate rock, either of igneous or sedimentary origin. In
particular, sedimentary phosphate ores (phosphorites) are
typically enriched in uranium and its decay chain daugh-
ters. During the production process of dicalcium phosphate,
uranium contained in phosphorite is transferred to both the
waste materials and the final product (Ga¨fvert et al. 2001).
Large amounts of waste, which contained high concentra-
tions of uranium, had been dumped by a phosphate plant
into the Flix water reservoir in the Ebre River (Catalonia,
NE Spain). These wastes were mixed over the years with
effluents from other industries as well as with the sedi-
ments of the river, resulting in a complicated mixture of
solid wastes and sediments.
Although U-containing wastes constitute only a part of
this mixture of solids, a thorough understanding of uranium
behavior in these polluted sediments, especially its release
to the river waters as well as a sound knowledge of the
uranium mobility in the aqueous phase is necessary to
determine its environmental impact. In this sense, it is
crucial to investigate the uranium distribution as well as its
chemical speciation in the sediments.
Time-resolved laser fluorescence spectroscopy (TRLFS)
is one of the most widely used techniques for U(VI) spe-
ciation in solid samples. For samples with sufficient fluo-
rescence intensity and resolution, it is possible to identify
uranyl species using their fluorescence spectral signature.
The fluorescence signal from uranium (VI) species pro-
vides information on both the position of the fluorescence
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emission bands and the fluorescence lifetime (Geipel et al.
2000). This information has been used to characterize
uranium minerals, uranium surface complexes, and ura-
nium in soils and sediments (Chisholm-Brause et al. 2001;
Duff et al. 2000; Wang et al. 2005a, b; Um et al. 2009).
The main objective of the present study is to charac-
terize uranium in sediments collected from the Flix water
reservoir. A combination of sequential extraction schemes
and TRLFS was used to assess the potential uranium
mobility in the environment.
Experimental
Characterization of the sediments
Contaminated sediments from the Flix water reservoir were
sampled in 2001 to study their environmental impact
(Costa 2005). Sediments were obtained from two sampling
points, and samples at different depths were collected in
each sampling point. X-ray diffraction (XRD) measure-
ments showed that the major components in the Flix sed-
iments were SiO2, CaF2, and CaCO3. Scanning electron
microscopy with energy-dispersive X-ray spectroscopy
(SEM–EDS) measurements confirmed that calcium, fluo-
ride, silicon, phosphorous, and carbon were the major
elements present in the samples.
Sediments from two sampling points were selected:
VC2-8 cm depth (coordinates in Universal Transverse
Mercator, UTM, 293560 E, 4567682 N, and at 8 cm depth)
and VC3 (coordinates in UTM 293705 E, 4567700 N); for
the VC3 sampling point, four samples at different depths:
VC3-5 cm depth, VC3-17 cm depth, VC3-23 cm depth,
and VC3-113 cm depth, corresponding to 5, 17, 23, and
113 cm depth, respectively, were studied.
In order to determine the total content of uranium and
phosphorus in the sediments, an acid digestion of the sedi-
ments was made following the US Environmental Protection
Agency (US EPA) method 3052 (US EPA 1996). Uranium
and phosphorous were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7500CX).
Sequential extraction procedure and TRLFS
measurements
The Community Bureau of Reference (BCR) modified
procedure recommended by the Standards, Measurements,
and Testing Programme of the European Union consists of
three different extraction steps, and the detailed experi-
mental procedure is described in Ure et al. (1993) and
Rauret et al. (1999).
A Nd:YAG laser (neodymium-doped yttrium aluminum
garnet, 20 Hz, 4–6 ns pulse duration, k = 266 nm,
Emax = 5 mJ, Polaris II, New Wave Research) was used for
the TRLFS measurements. The dry sediment samples were
placed in a 1-cm path-length quartz cuvette (SampleMax,
Jobin–Yvon). Both the laser beam and the uranyl emitted
fluorescence were focused using quartz lenses. The fluo-
rescence beam was directed into a monochromator (TRIAX
320, Jobin–Yvon, grating groove density: 600 linesmm-1,
wavelength range = 470–590 nm) connected to an inten-
sified charge coupled device (ONE i-CCD Jobin–Yvon
1,024 9 256-18UVF\DG). The signal acquisition was per-
formed using the Labspec5.0 for Windows program.
The spectra were recorded in the range of 425–625 nm
at room temperature using a slit of 1,000 lm. For TRLFS
measurements, acquisition parameters were optimized for
different time domains related to the laser pulse. For the
experiment named A (designed to determine shorter life-
times), an initial time of 0.2 ls, a final time of 178.2 ls,
and a delay increment of 5 ls were used, while for
experiment B (designed to determine longer lifetimes), the
values were an initial time of 103.6 ls, a final time of
603.6 ls, and a delay increment of 15 ls. This method
allows a more reliable determination of both the shortest
and the longest lifetimes (Bonhoure et al. 2007).
Results and discussion
Total uranium and phosphorous concentrations determined
in the sediments are given in Table 1. As seen, a good
linear correlation (R2 = 0.95) was obtained between ura-
nium and phosphorous concentrations. The uranium con-
tent is relatively high in all the sediments except in
sediment VC3-113 cm depth with also has very low
phosphorus content. This sample was not used for further
studies because of its low uranium content.
The distribution of U and P obtained from the sequential
extraction steps is illustrated in Fig. 1. As shown in Fig. 1a,
most uranium in all the samples (more than 83%) is
associated with the residual phase. The rest of uranium is
mainly associated with organic matter (oxidizable frac-
tion), and the VC2-8-cm-depth sediment also contains a
small fraction associated with carbonate phases. On the
Table 1 Uranium and phosphorous concentrations in sediment
digests
Sediment Depth (cm) [U] mgkg-1 [P] mgkg-1
VC3-5 cm depth 5 241 ± 19 31,000 ± 9,000
VC3-17 cm depth 17 376 ± 11 40,200 ± 1,200
VC3-23 cm depth 23 228 ± 24 23,000 ± 4,000
VC3-113 cm depth 113 11 ± 1 770 ± 110
VC2-8 cm depth 8 100 ± 11 12,400 ± 1,500
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other hand, the distribution of phosphorous in the different
fractions is shown in Fig. 1b. As can be seen, phosphorous
is mainly associated with the residual phase. The rest is
distributed between oxidizable and reducible phases. Less
than 2% is present in the exchangeable phase.
The high association of uranium and phosphorus with
the residual fraction indicates that uranium is mainly
present in phosphorus-containing mineral phases. This is
not surprising because uranyl phosphate minerals have
been found to control uranium concentrations in some
natural waters (Murakami et al. 2005).
The TRLFS technique was used in this work because of
its demonstrated usefulness in determining uranium spe-
ciation in different sediments (Wang et al. 2005a, b; Um
et al. 2009, 2010).
Data obtained from TRLFS measurements were fitted by
using multi-exponential models and nonlinear least square
analysis implemented in ORIGIN Software. This was
accomplished by minimizing the goodness-of-fit parameter
reduced chi-square (vR
2). This reduced chi-square was used
to estimate the best fitting (mono, bi, and tri) exponential
decay by applying a F-statistic hypothesis test:
Fv ¼ v2R
.
v2RðminÞ ð1Þ
As a reference, the denominator (vR(min)
2 ) was chosen as the
vR
2 value for three exponentials (p = 7, 30 degrees of
freedom). If a model with more parameters than the
reference does not provide a significantly better fit than the
reference, it is rejected. This comparison is made with a
critical Fv = 2 for a system with 30 degrees of freedom at
p = 0.05.
Exponential decay curves obtained from experiment A
were satisfactorily fitted using the tri-exponential function.
For sediments VC3-5 cm depth and VC3-17 cm depth, the
fitting of experiment B suggested the presence of a unique
lifetime of 128 ls, while for sample VC2-8 cm depth, it
was necessary to include a bi-exponential function. In
sediment VC2-8 cm depth, the two lifetimes from experi-
ment B were selected, while only the two shortest lifetimes
from experiment A were considered.
All sediment samples showed characteristic uranyl
fluorescence emission spectra as well as high intensity,
with the exception of sediment VC3-113 cm depth. The
structureless spectrum and low intensity found for this
sample is again an indication of the low uranium concen-
tration of the sample, seen above. The poorly resolved
vibronic peaks point to the presence of a number of ura-
nium phases, structures, or compositions that could facili-
tate energy transfer between the uranium species or with
the host sediment.
Figure 2 shows the spectra for samples VC2-8 cm depth
and VC3-17 cm depth obtained at different delay times. In
the spectra corresponding to samples VC2-8 cm depth and
VC3-17 cm depth, there is only a slight shift to higher
wavelengths as the delay time increases (Figs. 2a, b). This
is generally assumed to be due to the existence of a pre-
dominant U(VI) phase with low amounts of other minor
species (Wang et al. 2005a, b).
One of the advantages of the TRLFS technique is its ability
to identify uranyl phosphate phases by comparing the experi-
mental spectra with the spectral signatures of literature data on
different solid phases (Baumann et al. 2008). However, an
unequivocal determination of the uranyl phases in sediments is
much more difficult because of the contributions from specific
mineral contaminants and the presence of organic matter in
such natural samples. Owing to the high calcium concentration
in the sediments studied and to the relationship between ura-
nium and phosphate, the spectra obtained in this work were
compared to the spectra of the known minerals chernikovite
[(H3O)2(UO2)2(PO4)26(H2O)], autunite [Ca(UO2)2(PO4)2
2–6H2O], and meta-autunite [Ca(UO2)2(PO4)210–12H2O]
(Baumann et al. 2008). Although the autunite minerals show 6
peaks in the wavelength range studied, we focused on the
positions of the strongest emission bands (the 2nd, 3rd, and 4th
peaks) for identification purposes.
The first emission band of sample VC2-8 cm depth
(502 nm) is very close to the maximum wavelength of the
meta-autunite (see Table 2, Fig. 2). At long delay times,
peak positions shift to higher wavelengths and maxima
matched those of this mineral. Nevertheless, spectral
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Fig. 1 Percentage of a uranium and b phosphorous in each sequential
extraction step of the different samples studied
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resolution of sample VC2-8 cm depth is lower than spec-
tral resolution of meta-autunite. In addition, the first and
second peaks are of similar intensity, which has been taken
as an indicative of the presence of meta-autunite (Baumann
et al. 2008), since the second peak of autunite and cher-
nikovite has a significantly higher intensity than the first
one. The probable formation of meta-autunite on sediment
VC2-8 cm depth could be corroborated by the lifetimes
measured. The lifetime at 2.7 ls matches the s2 for the
solid phase formed onto the depleted uranium disk
(1.9–2.7 ls), which had been determined to be meta-
autunite (s2 = 3.3 ls) (Baumann et al. 2008).
A similar lifetime was determined for the three VC3
samples (see Table 2) that also present fluorescence spectra
with the first and second peaks of similar intensity, which
would suggest the presence of meta-autunite in these sed-
iments. The main fluorescence emission bands of the VC3
samples also have shorter wavelengths than those deter-
mined for meta-autunite but also for autunite and cher-
nikovite. The lack of a match with the individual uranyl
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(b)Fig. 2 Fluorescence spectra ofsediments at different delay
times a VC2-8 cm depth
b VC3-17 cm depth. Short
delay times accumulate the
addition of all species, while
longer delay times show long-
life species. The maximum of
the peaks is almost independent
on delay time
Table 2 Comparison of fluorescence spectral characteristics of Flix sediments with fluorescence data of aqueous, sorbed, and solid reference
species
Sample Spectral maxima
(nm)
Lifetime (ls) Reference
UO2(H2PO4)2 (aq) 495, 516, 540 s1 = 28 Bonhoure et al. (2007)
UO2H2PO4
? (aq) 494, 515, 539 s1 = 10 Bonhoure et al. (2007)
UO2HPO4 (aq) 497, 517, 541 s1 = 13 Bonhoure et al. (2007)
Meta-autunite 501.6, 523.7, 547.2 s1 = 0.41, s2 = 3.3 Baumann et al. (2008)
Chernikovite 502.1, 523.6, 547.5 s1 = 1.3, s2 = 5.5 Baumann et al. (2008)
Autunite 504.8, 524.6, 547.9 s1 = 5.150 ± 0.275 Baumann et al. (2008)
syn Uranyl phosphate
(UO2)3(PO4)24H2O
498.1, 520.2, 544.8 s1 = 14.5 Um et al. (2009)
U sorbed on montmorillonite 494, 513, 533, 555 s1 = 2, s2 = 12 Chisholm-Brause et al.
(2001)
U sorbed onto ZrPO4 497, 518, 541 s1 = 20, s2 = 80 Almaza´n-Torres et al.
(2008)
U sorbed onto LaPO4 497.6, 518.4, 542.1 s1 = 75, s2 = 210 Ordo´n˜ez-Regil et al.
(2002)
This work
VC3-5 cm depth 496, 516, 536 s1 = 2.2 ± 0.1, s2 = 16 ± 1, s3 = 62 ± 4,
s4 = 147 ± 3
VC3-17 cm depth 497, 515, 538 s1 = 2.0 ± 0.2, s2 = 13 ± 1, s3 = 59 ± 5,
s4 = 128 ± 3
VC3-23 cm depth 497, 515, 536 s1 = 1.5 ± 0.1, s2 = 14 ± 1, s3 = 62 ± 4
VC2-8 cm depth 502, 518, 540 s1 = 2.7 ± 0.1, s2 = 18 ± 1, s3 = 73 ± 8,
s4 = 232 ± 40
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phosphate spectra could be due to several reasons. The
solids are natural sediments and they contain minor cation
substitution pattern that differs slightly from that of the
reference phases. Moreover, the fluorescence spectra and
lifetime of the uranyl compounds depend on variations in
hydration, weathering, and aging (Wang et al. 2005a, b).
The other lifetimes determined in the sediments could
indicate that uranium is linked to the sediments also by
forming surface complexes. The lifetimes at around 15 and
60 ls determined for the uranium in the sediments are
comparable to those obtained in experiments where uranyl
is sorbed onto ZrPO4, LaPO4, or onto montmorillonite (see
Table 2). Although it is beyond the scope of this work to
determine the composition of such surface complexes, it
should be noted that the lifetime at around 15 ls is very
similar to the lifetimes determined for the UO2H2PO4
? and
UO2HPO4 (aq) complexes in solution and also for a syn-
thetic uranyl phosphate, (UO2)3(PO4)24H2O (s) (see
Table 2). This suggests a comparable chemical environ-
ment for uranyl species in the sediments.
The presence of low soluble uranyl phosphate phases
indicates that most uranium would have low leachability
(Sowder et al. 2001).
Conclusion
Most uranium of the Flix sediments is associated with
phosphate and is assumed to be present in mineral phases.
The TRLFS technique proves to be a useful tool to deter-
mine the uranium speciation in the Flix sediments. The
fluorescence measurements suggest that meta-autunite is
the uranyl phosphate mineral phase present in the sedi-
ments. TRLFS also reinforces the existence of a percentage
of uranium sorbed on the different minerals.
The composition of the uranyl present in the Flix sedi-
ments suggests a low release of uranium because of the low
solubility of the uranyl phosphate minerals.
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